We calculate the properties of excited charm and charm-strange mesons. We use the relativized quark model to calculate their masses and wavefunctions that are used to calculate radiative transition partial widths and the 3 P0 quark-pair-creation model to calculate their strong decay widths. We use these results to make quark model spectroscopic assignments for recently observed charm and charm-strange mesons. In particular we find that the properties of the DJ ( (3044) ± is most likely the Ds1(2P 1 ) or Ds1(2P1) states although it might be the D * s2 (2 3 P2) with the DK final state too small to be observed with current statistics. Based on the predicted properties of excited states, that they not have too large a total width and they have a reasonable branching ratio to simple final states, we suggest states that should be able to be found in the near future. We expect that the tables of properties summarizing our results will be useful for interpreting future observations of charm and charm-strange mesons.
are consistent with those of the 2 1 S0(cū) and the 2 3 S1(cū) states respectively, the D * 1 (2760) 0 , D *
(2760)
− , and DJ (2750) 0 with those of the 1 3 D1(cū), 1 3 D3(dc), and 1D2(cū) states respectively. We tentatively identify the D * J (3000) 0 as the 1 3 F4(cū) and favour the DJ (3000) 0 to be the 3 1 S0(cū) although we do not rule out the 1F3 and 1F 3 assignment. For the recently observed charm-strange mesons we identify the D * s1 (2709) ± , D * s1 (2860) − , and D * s3 (2860) − as the 2 3 S1(cs), 1 3 D1(sc), and 1 3 D3(sc) states respectively and suggest that the DsJ (3044) ± is most likely the Ds1(2P 1 ) or Ds1(2P1) states although it might be the D * s2 (2 3 P2) with the DK final state too small to be observed with current statistics. Based on the predicted properties of excited states, that they not have too large a total width and they have a reasonable branching ratio to simple final states, we suggest states that should be able to be found in the near future. We expect that the tables of properties summarizing our results will be useful for interpreting future observations of charm and charm-strange mesons. 
I. INTRODUCTION
Over the last decade, charm meson spectroscopy has undergone a resurgence due to the discovery of numerous excited charm and charm-strange states by the BFactory experiments BaBar and Belle [1] [2] [3] [4] [5] [6] [7] and by the CLEO experiment [8] . More recently the LHCb experiment has demonstrated the capability of both observing these states and determining their properties [9] [10] [11] [12] [13] [14] . This has led to considerable theoretical interest in attempting to make quark model spectroscopic assignments for these new states by comparing theoretical predictions to experimental measurements [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . At the same time, steady progress is being made in lattice QCD [33] [34] [35] for which these experimental results and spectroscopic classifications are an important benchmark. With the start of higher energy and higher luminosity beams at the LHC and higher luminosity at the SuperKEKB e + e − collider we expect that more new states will be observed. To identify newly discovered states, a theoretical roadmap is needed. The quark model has been successful in taking on this role and we turn to it to calculate the properties of excited charm and charm-strange mesons.
An important property of heavy-light mesons is that in the limit that the heavy quark mass becomes infinite the properties of the meson are determined by those of the light quark [36] [37] [38] . The light quarks are characterized by their total angular momentum j q such that * Email: godfrey@physics.carleton.ca j q = s q + L where s q is the light quark spin and L is its orbital angular momentum. j q is combined with S Q , the spin of the heavy quark, to give the total angular momentum of the meson. The quantum numbers S Q and j q are separately conserved. Thus, for a given L, the states will be grouped into doublets characterized by the angular momentum of the light quark. For example, the four L = 1 P -wave mesons can be grouped into two doublets characterized by the angular momentum of the light quark j q = 3/2 with J P = 1 + , 2 + and j q = 1/2 with J P = 0 + , 1 + where J and P are the total angular momentum and parity of the excited meson. In the heavy quark limit (HQL) the members of the doublets will be degenerate in mass, and this degeneracy is broken by 1/m Q corrections [38, 39] . For the L = 1 multiplet, heavy quark symmetry and conservation of parity and j q also predict that the strong decays D will only proceed via an S-wave [40, 41] . The states decaying to a D-wave are expected to be narrow due to the angular momentum barrier while those decaying to an S-wave are expected to be broad. Similar patterns are predicted for higher L multiplets so that measuring the properties of excited charm mesons can be used to both help identify them and to see how well excited states are described by the properties expected in the heavy quark limit. However, for higher mass states more phase space is available, leading to more possible decay channels, resulting in more complicated decay patterns so that the predictions of the HQL are less apparent.
Our goals for this paper are twofold. First we want to arXiv:1510.08305v3 [hep-ph] 15 Jan 2016
provide a roadmap of charm and charm-strange meson properties to identify which states are the most promising candidates to be observed and the final states they are most likely to be observed in. Hereafter, for conciseness, we will generally refer to both charm and charm-strange mesons as charm mesons. Second, when new states are observed we can use our roadmap to make quark model spectroscopic assignments for these newly found states.
In the first part of this paper we calculate the masses and wavefunctions of excited charm and charm-strange mesons using the relativized quark model [42] which we describe in the next section. Radiative transitions are described in Section III and strong decay widths are calculated using the 3 P 0 quark-pair creation model [43, 44] which is described in Section IV. These models have been described extensively in the literature so rather than repeating detailed descriptions of these models we will give brief summaries and refer the interested reader to the references for further details. The outcome of this part of the paper is a comprehensive summary of excited charm meson properties.
In the second part, in Sections V and VI, we use these results to examine the numerous newly observed charm and charm-strange mesons and attempt to make quark model spectroscopic assignments. This approach has been used in numerous papers although in some cases different calculations come to different conclusions. Thus, another goal of this paper is to suggest further diagnostic measurements that can resolve these differences to give an unambiguous spectroscopic assignment. In Section VII we will use the quark model roadmap we produced in the first part of this paper to suggest which missing states, because of their properties, are most likely to be observed in the near future and suggest the most promising final states to study. We summarize our conclusions in the final section.
II. SPECTROSCOPY
We use the relativized quark model [42] (see also Ref. [45] [46] [47] [48] ) to calculate meson masses and their wavefunctions which we use to calculate decay properties. The model is described in detail in Ref. [42] to which we direct the interested reader. The general characteristics of this model are that it assumes a relativistic kinetic energy term and the potential incorporates a Lorentz vector onegluon-exchange interaction with a QCD motivated running coupling constant, α s (r), and a Lorentz scalar linear confining interaction. This is typical of most such models which are based on some variant of the Coulomb plus linear potential expected from QCD and that often include some relativistic effects [20, [49] [50] [51] [52] [53] [54] [55] . The relativized quark model has been reasonably successful in describing most known mesons and has proven to be a useful guide to understanding newly found states [31, 41, [56] [57] [58] [59] . However in recent years, starting with the discovery of the D sJ (2317) [8, 60, 61] and X(3872) states [62] , an increasing number of states have been observed that do not fit into this picture [63] [64] [65] [66] pointing to the need to include physics which has hitherto been neglected such as coupled channel effects [67] which appears to be most important for states lying near kinematic thresholds. As a consequence of neglecting coupled channel effects and the crudeness of the relativization procedure we do not expect the mass predictions to be accurate to better than ∼ 10 − 20 MeV.
For the case of a quark and antiquark of unequal mass, charge conjugation parity is no longer a good quantum number so that states with different total spins but with the same total angular momentum, such as the 3 P 1 − 1 P 1 and 3 D 2 − 1 D 2 pairs, can mix via the spin orbit interaction or some other mechanism. Consequently, the physical J = 1 P -wave states are linear combinations of 3 P 1 and 1 P 1 which we describe by: P = 1 P 1 cos θ nP + 3 P 1 sin θ nP P = − 1 P 1 sin θ nP + 3 P 1 cos θ nP
where P ≡ L = 1 designates the relative angular momentum of the cq pair and the subscript J = 1 is the total angular momentum of the cq pair which is equal to L, and q can represent either a u, d or s quark. There are analogous expressions for higher L states where L = D, F , etc. Our notation implicitly implies L − S coupling between the quark spins and the relative orbital angular momentum. In the heavy quark limit in which the heavy quark mass m Q → ∞, the states can be described by the total angular momentum of the light quark, j q , which couples to the spin of the heavy quark and corresponds to j − j coupling. In this limit the mixed states are given by [68] |J = L, j q = L + 1 2 = J + 1 2J + 1 |J = L, S = 0
The j q = L − 1 2 state that is mainly spin triplet corresponds to the primed state in eqn. 1 and the j q = L + 1 2 that is mainly spin singlet corresponds to the unprimed state. For L = 1 the HQL gives rise to two doublets, one with j q = 1/2 and the other with j q = 3/2 and with the conventions of eqns. 1 and 2 corresponds to θ P = tan
• . For L = 2 the HQL gives two doublets with j q = 3/2 and 5/2 with mixing angle θ D = − tan −1 ( 2/3) = −39.2
• . The minus signs arise from our cq convention. Some authors prefer to use the j − j basis [69] but since we solve our Hamiltonian equations assuming L − S eigenstates and then include the LS mixing we use the notation of eqn. 1. Radiative transitions are sensitive to the
angle. We note that the definition of the mixing angles are fraught with ambiguities. For example, charge conjugating cq into qc flips the sign of the angle and the phase convention depends on the order of coupling L, S q and Sq [70] .
To solve the Hamiltonian to obtain masses and wavefunctions we used the following parameters: the slope of the linear confining potential is 0.18 GeV 2 , m q = 0.22 GeV, m s = 0.419 GeV and m c = 1.628 GeV. The predictions of our model for the charm mesons are given in Fig. 1 and for the charm-strange mesons in Fig 2 and the predicted masses and 3 L L − 1 L L mixing angles are given in Tables I and II.   TABLE I : Predicted charm and charm-strange S and P -wave meson masses, spin-orbit mixing angles and β ef f 's. The P1 − P 1 states and mixing angles are defined using the convention of eqn. Tables I and II. strong decay partial widths than electromagnetic partial widths so in practice we expect the usefulness of electromagnetic transitions to be limited. Nevertheless, in this section we calculate E1 and M1 radiative widths. The partial width for an E1 radiative transition between states in the nonrelativistic quark model is given by [71] 
where
e c = 2/3 is the c-quark charge and q refers to the u, d and s-quarks with charges e u = 2/3, e d = −1/3 and e s = −1/3 respectively, in units of |e|, α is the finestructure constant, k γ is the photon's energy, and the angular momentum matrix element, C f i , is given by
where { ··· ··· } is a 6-j symbol. The matrix elements n 2S +1 L J | r |n 2S+1 L J were evaluated using the wavefunctions given by the relativized quark model [42] . Relativistic corrections are implicitly included in these E1 transitions through Siegert's theorem [72] [73] [74] , by including spin-dependent interactions in the Hamiltonian used to calculate the meson masses and wavefunctions.
Radiative transitions which flip spin are described by magnetic dipole (M1) transitions. The rates for magnetic dipole transitions between S-wave states in heavy-light bound states are given in the nonrelativistic approximation by [75] [76] [77] Charm-strange Meson Mass Spectrum
The charm-strange meson mass spectrum as predicted by the relativized quark model [42] . The 3 LL − 1 LL mixing angles are given in Tables I and II 
where e q , the quark charges, and m q , the quark masses were given above, L = 0 for S-waves and j 0 (x) is the spherical Bessel function. Transitions in which the principle quantum number changes are referred to as hindered transitions as they are not allowed in the non-relativistic limit due to the orthogonality of the wavefunctions. M1 transitions, especially hindered transitions, are notorious for their sensitivity to relativistic corrections [78] . In our calculations the wavefunction orthogonality is broken by including a smeared hyperfine interaction directly in the Hamiltonian so that the 3 S 1 and 1 S 0 states have slightly different wavefunctions.
The E1 and M1 radiative widths are given in Tables IV-XXVIII when they are large enough that they might be observed. More complete results are given in the supplementary material. The tables in the supplementary material also include the matrix elements for the benefit of the interested reader. The predicted masses given in Tables I and II are used for all states. The photon energies were calculated using the predicted masses, but assuming these masses are all slightly shifted with respect to the measured masses, the phase space should remain approximately correct.
Given the sensitivity of radiative transitions to details of the models precise measurements of electromagnetic transition rates would provide stringent tests of the various calculations and predictions that have appeared in the literature.
IV. STRONG DECAYS
For states above the Dπ and DK thresholds we calculate the strong decay widths of excited charm and charmstrange mesons using the 3 P 0 quark pair creation model [43, 44, 57, 58, 79] . There are a number of predictions for charm meson widths in the literature using the 3 P 0 model [19-24, 55, 80, 81] and other models [15-17, 39, 49, 82-84] but we believe that this work represents the most complete analysis of excited charm meson strong decays to date. The details of the notation and conventions used in our 3 P 0 model calculations are given in the Appendix Table III . For the charm and charm-strange mesons we use harmonic oscillator (HO) wave functions with the effective harmonic oscillator parameter, β ef f , obtained by equating the rms radius of the harmonic oscillator wavefunction for the specified (n, l) quantum numbers to the rms radius of the wavefunctions calculated using the relativized quark model of Ref. [42] . A previous study [41] found that using HO wavefunctions with the fitted oscillator parameters gave results similar to those calculated using the exact relativized quark model wavefunctions but were far more computationally efficient. It was also found that the predictions of the 3 P 0 model were similar to those of the flux-tube breaking model [86] when using the same wavefunctions in both calculations [41, 58, 87] . The widest variation in results occurs going from using either the exact relativized quark model wavefunctions or HO wavefunctions with β ef f 's to using constant β's for all states [41] (compare also the results from Ref. [85] to those of Ref. [88] ). This is because the decay amplitudes are dominated by the overlap of the three meson wavefunctions and the HO wavefunctions with β ef f 's are a good representation of the exact wavefunctions for this purpose. The effective harmonic oscillator wavefunction parameters, β ef f , used in our calculations are listed in Tables I and II . For the light mesons we use the universal value of β ef f = 0.4 GeV given in Table III (see below for an additional comment). In our calculations we use the constituent quark masses m c = 1.628 GeV, m s = 0.419 GeV, and m q = 0.220 GeV (q = u, d). Finally, we use "relativistic phase space" as described in Ref. [58, 79] and in the Appendix of Ref. [85] .
Typical values of the parameters β ef f and γ, the quark pair creation amplitude of the 3 P 0 model, are found from fits to light meson decays [55, 58] . The predicted widths are fairly insensitive to the precise values used for β ef f provided γ is appropriately rescaled. However γ can vary as much as 30% and still give reasonable overall fits of light meson decay widths [55] . This can result in factor of two changes to predicted widths, both smaller or larger. In our calculations of D s meson strong decay widths in [31] , we used a value of γ = 0.4, which has also been found to give a good description of strong decays of charmonium [55, 57] . This scaling of the value of γ in different meson sectors has been studied in [89] . The resulting strong decay widths are listed in Tables IV-XLIII although we only show decays that have branching ratios greater than ∼ 1% or decays to simple final states such as Dπ or DK that might be easier to observe. More complete tables of results are given in the supplementary material. The Belle, BaBar and LHCb collaborations have increased our knowledge of charm mesons considerably in recent years which has spawned a large number of theory papers attempting to categorize these new states. We list these new states and their properties in Table XLIV . The 1P multiplet is well established and its measured properties agree well with theoretical expectations. Theory expects in the heavy quark limit two doublets, the j = 1/2 doublet composed of a 0 + and 1 + state, corresponding to the D 0 (2400) and D 1 (2430) states, that decay via S-wave and are broad, and the j = 3/2 doublet composed of a 1 + and 2 + state, corresponding to the D 1 (2420) and the D * 2 (2460) that decay via D-wave and are relatively narrow. These states have been discussed in the literature (see for example [48] ).
It is the large number of newly observed states that concerns us here. Given the success of quark model calculations in describing the 1P states we use the QM predictions of the previous sections to classify these new states. The success of these efforts can be used to gauge the relia- 0 ) = 154 MeV but don't attempt to estimate uncertainties given the naivety of the averaging. In addition LHCb makes the point that extracting its parameters is complicated [11] . Both experiments identify the D J (2550) 0 as the 2 1 S 0 (cq) state. We predict the mass and width of the 2 1 S 0 (cq) state to be 2581 MeV and 80 MeV respectively. We note that we predict the 1 3 S 1 mass to be 2041 MeV which is ∼ 34 MeV greater than its observed mass so that if we rescale the 2 1 S 0 (cq) mass by this amount we obtain 2547 MeV which is consistent with the observed average value. The calculated width is significantly smaller than the average of the measured widths. However, due to both the uncertainty in the theoretical width predictions and the large uncertainty in the measured width we consider the agreement between theory and experiment to be acceptable and conclude that the D J (2550) 0 is the 2 1 S 0 (cq) state. We follow the same logic in comparing the measured properties of the D * Recently observed charm mesons. The first uncertainty is statistical, the second uncertainty is due to systematic uncertainties and the third when included is for model dependent uncertainties. 
a We quote the results from the isobar analysis. The states predicted to be closest in mass to these states are the 1D states. The next nearest states are the 2P multiplet which is expected to lie in the 2900 to 2950 MeV mass region but whose quantum numbers are inconsistent with the recent LHCb measurements [9, 10]. We will therefore concentrate on the expected properties of the 1D multiplet. As we did for the 2S multiplet, for the purposes of comparing our mass predictions to the measured masses, we will rescale our predictions down by the difference between predicted and measured masses The final state in this mass region is the un-natural parity D J (2750) 0 state. For the purposes of this discussion we average the BaBar [2] and LHCb [11] measurements to obtain M = 2744.7 MeV and Γ = 72.1 MeV. The measured mass is marginally inconsistent with the predicted masses of the two J = 2 D-wave states; M (1D 2 ) = 2782 and M (1D 2 ) = 2811 MeV (after rescaling). The predicted widths are Γ(1D 2 ) = 105 MeV and Γ(1D 2 ) = 244 respectively. Considering both the experimental uncertainty, which at least for the LHCb measurement is large, and the theoretical uncertainty, it is reasonable to identify the the D J (2750) 0 with the 1D 2 (cq) state. This identification can be verified by observing the D J (2750) 0 in other decay modes. For example, BR(1D 2 → Dρ) = 58% while BR(1D 2 → Dρ) = 2.4%. This should be a relatively simple state to observe. The second largest decay mode for the 1D 2 is BR(
, which is another discriminator between these two possibilities although this final state is likely to be difficult to observe.
We [17, 20, 25, 90, 97] although in some cases they label this state with the prime.
With three of the four 1D states observed by the BaBar and LHCb collaborations there is one remaining 1D state to be found. However, with four overlapping states it is not an easy task to disentangle them based solely on mass and total width measurements and to make precise measurements of their properties. Measuring BR's will be useful for solidifying the spectroscopic assignments given above and resolving ambiguities and inconsistencies. . It is possible that a new measurement will resolve this discrepancy but it is also possible that the D * π signal contains significant contributions from broad overlapping D 2 states. Further useful information about these states can be obtained by measuring BR's into other final states such as to Dρ and D s K with the relevant BR's given in Table XIII . LHCb has reported two states around 3000 MeV, the natural parity state D * J (3000) 0 with mass = 3008.1 ± 4.0 MeV and width = 110.5 ± 11.5 MeV and the unnatural parity state D J (3000) 0 with mass = 2971.8 ± 8.7 MeV and width = 188.1 ± 44.8 MeV [11] . Our calculations expect the 2P , 3S and 1F multiplets to lie in this mass region consisting of the natural parity 2 3 P 2 , 2 3 P 0 , 3 3 S 1 , 1 3 F 4 and 1 3 F 2 states and the un-natural parity 2P 1 , 2P 1 , 3 1 S 0 , 1F 3 and 1F 3 states. All of these states are expected to have widths in the range of 114 to 270 MeV which, given the theoretical and experimental uncertainties, cannot by themselves be used to rule out any of the possibilities. To help us narrow the possibilities we summarize the predicted properties of the 2P , 3S, and 1F multiplets in Table XLV . We list BR's for the simpler final states under the assumption that they will be easiest to observe. We also include some final states with larger BR's as they contribute to the total width but expect that in many cases they will be challenging to reconstruct.
Before proceeding we note that LHCb comments that the resonance parameters are strongly correlated to the background parametrization and they don't include the broad D * 0 (2420) [11] . Thus, one should be cautious in how literally one takes the LHCb values.
Given the general uncertainties of our predictions it is difficult to make definitive spectroscopic assignments for the D * J (3000) and D J (3000) states. At best we can narrow down the possibilities, present our most likely assignment and suggest future measurements that could uniquely identify these states. With this caveat we note that in general our mass predictions tend to overestimate masses of excited states rather than underestimate them. The 2P multiplet lies around 2900 MeV, 100 MeV below the observed masses so we consider it less likely that the D * J (3000) and D J (3000) are 2P states. For the natural parity states, this leaves the 3 3 S 1 , 1 3 F 4 and 1 3 F 2 . We calculate a total width for the 1 3 F 2 of 243 MeV versus the measured width of 110.5±11.5 MeV. As we have stated previously, we would not be surprised if our width predictions are off by a factor of two. Nevertheless it is likely that the properties of the 1 3 F 2 are inconsistent with those of the D * J (3000). As a final discriminator we consider signal strengths assuming that the state with the largest expected signal strength is the state most likely to first be observed. Signal strengths are a product of the production cross section and final state BR. We surmise that the cross section for orbitally excited states are suppressed compared to states with small orbital angular momentum but we don't know how to accurately calculate the production cross section for charm mesons so only consider the final state BR. The BR's for the two remaining possibilities are BR(D *
On this basis we tentatively identify the D * J (3000) as the D * 4 (1 3 F 4 ) state but note that this conclusion is based on a number of unsubstantiated assumptions.
The key to confirming this identification will be measuring BR's to other final states and ratios of BR's. Observing the D * J (3000) in the D * π final state would rule out the 2 3 P 0 . Measuring the ratio R = BR(D * π)/BR(Dπ) could narrow down the options. Large ratios would imply the 2 3 P 2 with R ∼ 3.4 or 3 3 S 1 with R ∼ 1.7 while a small ratio would imply 1 3 F 2 with R ∼ 0.8 and a ratio ∼ 1 would imply the 1 3 F 4 . Undoubtably the experimental errors will be large to start with and therefore not precise enough, also given the theoretical uncertainties, to narrow down the possibilities to one specific state. For example, the 1 3 F 4 decays almost half the time to D * ρ while the 3 3 S 1 and 1 3 F 2 have much smaller BR's to this final state. Finally, the 1 3 F 2 has a much larger BR to Dρ than does the 3 3 S 1 . Thus, observing more final states can either confirm the hypothesis that the D * J (3000) is the D * 4 (1 3 F 4 ) or direct us to an alternative identification.
We follow the same approach when trying to identify the un-natural parity D J (3000) state. We will set aside the 2P 1 and 2P 1 as they are likely to be too low in mass. None of the three remaining states can be ruled out based on their total widths, considering both the experimental and theoretical uncertainties. The 3 1 S 0 mass is closest to the measured mass while the 1F 3 and 1F 3 have much larger BR's to the observed D * π final state. We slightly favour the D(3 1 S 0 ) identification but more information is needed to make a more informed identification. For example, if the D J (3000) were observed in the Dρ final [21] argues that the D J (3000) and D * J (3000) are the 2P 1 and 2 3 P 0 respectively. Still other assignments appear in the literature [20] . Clearly further measurements of other BR's will be needed to settle the issue.
VI. CLASSIFICATION OF THE OBSERVED CHARM-STRANGE MESONS
We summarize the properties of the recently observed charm-strange mesons in Table XLVI Table XLVII which were taken from Ref. [31] . We note that in the HQL we expect one of the J = 2 states to be degenerate with the 1 3 D 3 and relatively narrow while the other J = 2 state is expected to be degenerate with the 1 3 D 1 and relatively broad which is consistent with our results. It will be interesting to see what experiment has to say about these states. The remaining new state is the D sJ (3044) ± . This state has been studied by a number of authors [24, 28, 80, 83, 93, 99] . We start by noting that it has only been seen by one experiment, BaBar [5], albeit with 6.0 standard devi- While we consider it most likely that the D sJ (3044) ± is a member of the 2P (cs) multiplet we mention other possibilities for completeness. Other unnatural parity states with masses not too far from the D sJ (3044)
± are the 1F 3 with M = 3186 MeV and Γ = 183 MeV, the 1F 3 with M = 3218 MeV and Γ = 323 MeV, the 2D 2 with M = 3298 MeV and Γ = 106 MeV and the 2D 2 with M = 3323 MeV and Γ = 203 MeV. However we consider all of these possibilities unlikely as the predicted masses are over 100 MeV from the observed mass. And although it would not surprise us if our predictions were off by several tens of MeV we do not expect them to be off by over 100 MeV. A final possibility is the 3 1 S 0 with M = 3154 MeV and Γ = 79 MeV with BR to D * K of 15%. In this case the predicted width is smaller by a factor of three so that it seems unlikely that the D sJ (3044) ± could be identified as the 3 1 S 0 . To summarize, with the information we currently have for the D sJ (3044)
± it is most likely either the D s1 (2P 1 ) or the D s1 (2P 1 ) or both states overlapping. This conclusion is consistent with other studies [17, 24, 80, 82, 83, 93, 99] . Another possibility is that it is D * s2 (2 3 P 2 ) with the signal for the DK final state too small to be observed with current statistics. These different possibilities can be tested by measuring BR's to DK * and D s φ final states. We also expect that it should be possible to observe the 2P partners which will lie in this mass region in DK and
VII. FINDING THE MISSING CHARM MESONS
The key to observing missing states is that their total width is not too large and that the BR's to at least some simple final states are not too small. This is how the new charm states were found by the BaBar and LHCb collaborations. Thus, we can use our tables of charm meson properties to identify candidate states that could be observed in the near future. As the states become more massive, more and more channels open up so that the BR's to easier to observe final states become smaller and smaller. For masses above around 3500 MeV for charm mesons the BR's to simple final states are less than 1% and are likely too small to observe. For charm-strange mesons, BR's to at least some simple final states remain non negligible for all states we consider due to the smaller phase space because of the larger kaon mass relative to that of the pion. Another consideration is that states within multiplets will be overlapping and states in different multiplets are close enough in mass that it will require more than "bump hunting" to classify newly found states. Determining the spin of a state and measuring BR's to multiple final states will be important to disentangle the spectrum. We have already seen examples of this in the preceding sections.
A. The Charm Mesons
For the most part, the recently observed states are the states with large BR's to simple final states. For example the predicted BR's of the 2 3 S 1 and 2 1 S 0 to the observed final state D * π are 58% and 99% respectively. Likewise the 1D states have BR's to D * π ranging from 13% to 38% and the 1 3 F 4 has a BR to Dπ of 12%. We will use BR's to simple final states to identify good candidates for discovery.
We start with the 1D multiplet. Three of the states have been observed, the 1 3 D 1 and 1 3 D 3 and tentatively the 1D 2 leaving only the 1D 2 to be found. This state has a BR of 38% to D * π but is predicted to be rather broad, ∼ 240 MeV, making it potentially difficult to disentangle from the other three 1D states in that mass region. This state might also be seen in the D * s K final state. We tentatively identified the 3 1 S 0 state with the D J (3000) although the 1F 3 and 1F 3 are also possibilities. If we accept the 3 1 S 0 assignment we would expect that the 3 3 S 1 should also be seen with comparable statistics. The distinguishing feature is that the 3 3 S 1 should be seen in both Dπ and D * π final states. Even if the D J (3000) turns out to be the 1F 3 or 1F 3 we expect that the 3S states could be seen in the near future.
The 2P states also have relatively large BR's to D * π and Dπ final states. Their masses are expected to be in the 2900-2950 MeV mass range with widths ranging from 114 to 212 MeV. In fact, some have argued that the 2 3 P 0 can be identified with the D * J (3000). We expect that the 2P multiplet can be observed in D * π and Dπ final states. The four states are only split by 37 MeV so that it will require the measurement into different final states to uniquely identify the individual states. As we pointed out previously, in addition to D * π and Dπ, the Dρ final state will be a useful discriminator. Other final states which would help are the D s K, D * s K, D s K * and D * ρ although in some cases they only have a sizeable BR for one of the 2P states. In this case their observation in one of these final states would eliminate other possibilities.
The 1F multiplet is next in line using this criteria for "discoverability" with BR's to Dπ and D * π ranging from 8 to 20%. Their masses are around 3100 MeV with predicted widths ranging from 126 to 270 MeV. Depending on the reliability of our width predictions, the two broad states, the 1 3 F 2 and 1F 3 , are likely too broad to be easily seen. We have tentatively identified the 1 3 F 4 with the D * J (3000) state leaving the 1F 3 to be found. If found, it is expected to have a large BR into Dρ which could be used as confirmation.
The 1G multiplet also has a significant BR to the Dπ and D * π final states ranging from 4% to 17% depending on the state. Their masses range from around 3360 to 3400 MeV and their widths range from 118 to 254 MeV. The narrower widths correspond to the j = 9/2 doublet and the broader widths to the j = 7/2 doublet. We expect it more likely that the narrower 1 3 G 5 and 1G 4 states will be observed first. The natural parity 1 3 G 5 decays to both Dπ and D * π while the un-natural 1G 4 can only decay to D * π. Other decay modes that can be used to distinguish between these states are Dρ where
One could use similar measurements to identify the 1G 4 and 1 3 G 3 . Beyond these multiplets, the BR's to Dπ and D * π final states for the most part become relatively small and other final states will become more important for finding higher excited missing states. We already suggested that the Dρ and D * ρ final states would be useful for identifying excited charm states and for many of the higher excited states they have the largest BR's and could prove crucial for their discovery. For example, in the 2D multiplet BR(2 We will follow the approach used in the previous section to identify likely charm-strange discovery candidates using the criteria that states with large branching ratios to simple final states are the ones most likely to be observed.
The Although the BR's are all sizeable, the 1F states are expected to be relatively broad so it is not clear if they will be observed in the near future. However, as we have repeatedly pointed out, our width predictions can easily be off by up to a factor of two so that if they turn out to be narrower than we predict, their observation would be more likely.
We note that the 1G multiplet has similar BR's to final states (see Table XLI ) as the 1F multiplet so it might also be possible to observe these states with the same caveat regarding their large total widths. It would be extremely interesting to find these states as we would then have a series of angular momentum states stretching from L = 0 to L = 4 which would test the linearity of the Regge trajectory and thus the linearity of the confining potential [45] . If large deviations were found it would also provide some insights into the importance of meson loop contributions to the mass of excited states.
Beyond these states there are a smattering of states that have large BR's to the DK and D * K final states we have focused on. A few examples are: the 3 3 P 0 with a predicted mass of 3412 MeV, width of 104 MeV and BR to DK of 19.5%, the 4 3 P 0 with M = 3764 MeV, Γ = 105 MeV and BR to DK of 10%, the 2D 2 with M = 3298 MeV, Γ = 106 MeV and BR to D * K of 11.4% and the 2D 2 with M = 3323 MeV, Γ = 203 MeV and BR to D * K of 21.4%. One can turn to Tables XXXI-XLIII to explore further possibilities. As more measurements are made we will be able to gauge the reliability of our predictions and those of others and refine the models to improve their predictive power.
VIII. SUMMARY
In this paper we calculated the properties of charm and charm-strange mesons using the relativized quark model to calculate masses and wavefunctions which were used to calculate radiative transition partial widths. We calculated hadronic widths using the quark pair creation model with simple harmonic oscillator wavefunctions with the oscillator parameters fitted to the rms radius of the relativized quark model wavefunctions.
We used our results to identify recently observed charm Finally we suggested excited charm and charm-strange mesons that might be seen in the near future based on the criteria that they do not have too large a total width and they have a reasonable branching ratio to simple final states. We expect that our results comprised of tables of masses, widths and BR's will be useful to this end.
While we have shown the usefulness of our results in identifying newly discovered states we are equally keen that they be a useful guide for future searches for missing states.
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